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1. CONTENT AND ORGANIZATION 

1.1 Desc r ip t ion  of t h e  Surveyor Mission 

1.1.1 Purpose of t h e  Mission: The purpose of t h e  Surveyor miss ion  
is  t o  s o f t  l and  a package of s c i e n t i f i c  i n s t rumen t s  on t h e  s u r f a c e  o f  rhe  
moon, end t o  c a r r y  o u t  a s e r f e s  of exper iments  with theee i n s t rumen t s .  
The l and ing  a i t e  i s  p reee lec t ed ,  and is to  be h i t  w i t h  a 30 l and ing  
d i e p e r a i o n  of less  t h a n  67 km. 

1.1.1 Sequence of Events:  The mis s ion  is c a r r i e d  ou t  as fo l lows :  

1. 

2. 

3. 

4. 

5 .  

6 ,  

7. 

The e p a c e c r a f t  is boos ted  i n t o  an  ecr th-moon t r a j e c t o r y  
by a n  Atlas-Centaur  combination. 

The s p a c e c r a f t  is s e p a r a t e d  from t h e  boos te r .  

The s p a c e c r a f t  a t c l t u d e  r a t e s  imparted by t he  s e p a r a t i o n  
a p e r a t i o n  are n d l l e d  o u t  b y  co ld  gas j e ~  c o n t r o l  corqucs 
commanded by s u i t a b l y  processed  e f g n s l s  from t h r e e  body- 
f i x e d  r a t e  i n t e g r a t i n g  gyros ,  

S p a c e c r a f t  a t t i t u d e  is locked d p  on t h e  S u n  and  Canopus. 
This  is achieved and v e r i f i e d  by B serie-9 o f  p r o g r a m e d  
maneuvers commended from Earth.  A t t r t u d e  r r fer’=nce is 
provided by o p t i c a i  Sun and Canopus s e n s r r s .  and t h e  
i n t e g r a t i n g  gyros .  Con t ro l  to rqucs  arc- provided b y  t h e  
co ld  gas j e t s .  

The s p a c e c r a f t  ion t inu tos  a lona  its trajectory i n  C h i s  mode 
u n t i l  t h e  mid-courae c o r r e c t i o n  tEkte  ? l a c * .  During t h i s  
pe r iod  the JPL Spsce F l i g h t  Opera t ioos  F a c i l i t y  (SFOF) 
determines  the a c t u a l  s p a c e c r a f t  t rajrc t o r y  and corr;putes 
t h e  v e l o c i t y  increment needed to  corrt’ct t h e  a c t u a l  
t r a j e c t o r y  to the d e s r r e d  t r a j e c t o r y ,  

The s p a c e c r a f t  r o l l  a x i b  is t hen  p o f q t * d  r n  r h t  direction 
V L  Lale ~ ~ D A L C I U  V C L U ~ L L Y  i t i ~ r e m e n c ,  L ~ L S  IS accompirshed 
by programmed commands from Ear th  t o  ?trc , o ld  g a s  j e t  
c o n t r o l  system. 

*. ,c ..L- - I - - l - - f  - - - v - - s -  

> 

The t h r e e  v e r n i e r  rocke t  engines  e r e  f g n , : c d  a n d  t h r u s t  a t  
a p r e c i s e l y  c o n t r o l l e d  pe r iod  o f  t ime,  i h r  t h rus t  l e v e l  
(more p r e c i s e l y  t h e  th rus t - to -mass  r a t i o )  is c o n t r o l l e d  by 
t h r o t t l i n g  t h e  v e r n i e r  engines  with th.  + r r o r  between a 
p r e c i s e  couxoand v o l t a g e  and an acceleromeccr  The timy 
per iod  i e  c o n t r o l l e d  by a d i g i t a l  c lock  which LE. p r e s e t  
and v e r i f i e d  from E a r t h  i n  accordance wi th  t h e  v e i o c i t y  
increment computrtfon. Pi tch /yaw a t t i t u d e  i s  c o n t r o l l e d  
by d i f f e r e n t i a l  t h r o t t l i n g  of the th ree  v e r n i e r  cngin..-a 
w i t h  ruitably processed s i g n a l r  from t h e  p i t c h  and yaw 
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7. 

8. 

9 .  

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17.  

18. 

( c a t  inued ) 

gyros.  R o l l  c o n t r o l  is achieved by g i m b a l l i n g  one o f  
t h r e e  v e r n i e r  engines  i n  accordance w i t h  s u i t a b l y  
procceaed s i g n a l  from t h e  r o l l  8yro 

A t  t h e  end o f  t h e  p rogramed  t h r u s t i n g  p e r i o d ,  t h e  d i g i t a l  
c l o c k  s h u t s  down t h e  t h r e e  v e r n i e r  engines .  S p a c e c r a f t  
a t t i t u d e  i s  once more locked up on the  Sun a n d  Canopus by 
t h e  c o l d  gas j e t  system. 

The s p a c e c r a f t  cont inues  a l o n g  i t s  t r a j e c t o r y  in t h i s  mode 
u n t i l  t h e  main r e t r o r o c k e t  phase. During t h i s  period SFOF 
a g a i n  determines t h e  a c t u e l  s p a c e c r a f t  t r a j e c t o r y .  

The o p a c e c r a f t  r o l l  a x i s  is t h e n  po in ted  close to t h e  
d i r e c t i o n  of t h e  s p a c e c r a f t  v e l o c i t y  v e c t o r .  This  i s  
accomplished, as wae S t e p  6 ,  on comaand from Ear th .  

The a l t i t u d e  marker r a d a r  AMR) g e n e r a t e s  a s i g n a l  when 
the slant range from t h e  r p a c e c r a f t  to  t h e  l u n a r  s u r f a c e  
Le approximately 5 5  miles. Thie s i g n a l  s t a r t s  a d i g i t a l  
c lock .  

After a n  i n t e r v a l  of time pre-commanded from Ear th ,  t h e  
d i g i t a l  c l o c k  I g n i t e s  t h e  v e r n i e r  rocke t  e n g i n e s .  

One second a f t e r  t h e  v e r n i e r  engine i g n i t i o n  s i g n a l ,  t h e  
d i g i t a l  c l o c k  i g n i t e s  t h e  main r e r r o r o c k e t .  

The s p a c e c r a f t  cont inues  a t o n 8  i t e  t r a j e c t o r y  wi th  t h e  main 
r e t r o r o c k e t  t h r u s t i n g  u n t i l  m d l n  r e t r o r o c k e t  burnout.  During 
t h i s  p e r i o d  a t t i t u d e  is c o n t r o l l e d  as i n  S t e p  7 

Main r e t r o r o c k e t  burnout is sensed by  a g-aultch which c l o s e s  
when s p a c e c r a f t  a c c e l e r a t i o n  f a l l e  below 3 . 5  ( l u n a r )  8 ' 6 ,  

The g-swi tch  signal a t a r t s  a d i g i t a l  c l o c k  and commands 
near-maxlmum vernier engine  t h r u s t .  

A f t e r  a f i x e d  tfme d e l a y  t h e  d i g t t a l  c l o c k  f i r e s  t h e  e x p l o s i v e  
b o l t 8  which f a s t e n  t h e  main r e t r o r o c k e t  case t o  t h e  spdceframe. 

After a n o t h e r  f ixed  time delay,  t h e  d i g i t a l  c l o c k  enables  
t h e  vernier  phare c o n t r o l  rvr t t ra .  
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19. 

20. 

21  e 

22. 

23. 

24. 

When t h e  radars  g e n e r a t e  signcrle i n d i c e t i n g  t h a t  chey 
a re  o p e r a t i n g  p r o p e r l y ,  t h e  v e r n i e r  phase c o n t r o l  s y s t e m  
is t u r n e d  on.  I n  t h i s  c o n t r o l  mode t h e  r a d a r s  g e n e r a t e  
s i g n a l s  which c o n t i n u a l l y  m a i n t a i n  al ignment  .between t h e  
s p a c e c r a f t  v e l o c i t y  v e c t o r  and t h e  s p a c e c r a f t  r o l l  a x i s ,  
and which c o n t r o l  t h r u s t  t o  m a i n t a i n  a preprogramned s l a n t  
range VB, v e l o c f t y  t r a j e c t o r y .  

When s l a n t  range has decreased  to  1000 f e e t ,  t h e  r a d a r  
al t imeter g e n e r a t e s  a d i g i t a l  s i g n a l  marking t h a t  range, 
and changes i ts  analog  o u t p u t  v o l t a g e  scale  f a c t o r  t o  
provide  b e t t e r  r e s o l u t i o n  a t  l o w  a l t i t u d e e .  The f l i g h t  
control 8ystem u t i l i z e s  t h e  1000 f o o t  mark t o  t r i g g e r  B 
change i n  gain  i n  t h e  Doppler a t t i t u d e  channels  and a 
change i n  t h e  descent  command p r o f i l e .  

When t h e  Z-axis v e l o c i t y  has decreased  t o  10 f t / s e c ,  a 
t r i g g e r  i n  t h e  f l i g h t  c o n t r o l  e l e c t r o n i c s  react8 to t h e  
Doppler Veloc i ty  Seneor Z-axis a n a l o g  o u t p u t  to  produce 
a d i g i t a l  s i g n a l ,  T h i n  d i g i t a l  s i g n a l  removes the Doppler 
a t t i t u d e  s i g n a l s  and cwmends a c o n s t a n t  Z-axis v e l o c i t y  
of 5 f t l sec .  

The s p a c e c r a f t  descends a t  a c o n s t a n t  v e l o c i t y  of  5 f t / s e c .  
Durlng t h i s  per iod  a t t i t u d e  is h e l d  f i x e d ,  

When s l a n t  range has  decreased  t o  13 feet t h e  r a d a r  g e n e r a t e s  
a d i g i t a l  s i g n a l  marking- tha t  range. This s i g n a l  i s  
u t f l i t e d  by :he f l i g h c  c o n t r o l  e l e c t r o n i c s  t o  s h u t  down 
r h e  t h r e e  v e r n i e r  r o c k e t  engines .  

The s p a c e c r a f t  f r e e  f a l l s  to touchdovn. 

1-2 D e s c r i p t i o n  o f  F l i g h t  Cont ro l  System: The Su'rveyor flight control 
system c o n s i s t s  of sensors, e l e c t r o n i c  a m p l l f i e r s  and s w i t c h e s ,  and a c t u a t o r s .  
The f l i g h t  c o n t r o l  e l e c t r o n i c s  s e l e c t s  and processes  s i g n a l s  from t h e  sensors 
su irab le  to  t h e  several  phases  of t h e  m i a s i o n ,  The precesscb aigi ials  are used 
KO comand c o n t r o l  forces from t h e  a p p r o p r i a t e  a c t u a t o r s .  Table 1.2.1 l f s t o  
the eensors  and actuators used in t h e  several phases of t h e  mfseion. The 
phases  of t h e  f l i g h t  are i d e n t i f i e d  by t h e  numbtra ass igned  to  them i n  
s e c t i o n  1.1.2- This report i e  intended t o  be a d e t a i l e d  account  o f  t h e  
d e e i g n  of t h e  f l i g h t  c o n t r o l  systems used d u r f n g  phases  7 ,  and 12 through 23. 
The c o n t r o l  systems used i n  t h e  o t h e r  pharer are d e s c r i b e d  i n  d e t a i l  i n  
Reference  1. 

1.3 O r n a n i z a t l o n  of Reporer The remainder of t h i s  report w i l l  follow 
the  follovfng p a t t e r n :  

1. 
2. 
3. 

A d e t a i l e d  sequence of svantr; 
A d e t a i l e d  dercription of t h r u r t  p h e e  c o n t r o l  eyr tem c o n f i g u r a t i o n s ;  
A d e s c r i p t i o n  of the wneidsrationr which lead to  the c u r r e n t  system 
de8 l g n  e 
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3,  6 ,  10 1 P i t c h ,  YAW and ro l l  gyroa 

4, 5 ,  8 ,  9 Sun and Canopue eensorr; 
p i t ch ,  yaw, and roll gym8 

P i t c h ,  yaw 0nd ro l l  gyror; 
acce la rame te r  

7 

I 

Table 1.2.1 

Cold gas j e t e  

Cold ges j e t s  

Vernler  rocke t  engines, 
r o l l  a c t u a t o r  

g - s u i t  ch roll a c t u a t o r ,  main 
re t  ro roc ke t eng lne 

11 

P i t c h ,  yaw and roll gyro.; 
a c c e l e r o m e t e r j  r a d a r  

PFtch, yaw and roll gyros ;  Cold gas j e t s  I a l t i t u d e  marking r a d a r  

Vern ier  rocke t  engines ,  
toll a c t u a t o r  

12 Vernier  rocke t  e n g i n e s ,  I r o l l  a c t u a t o r  
P i t c h ,  yaw and roll gyros I 

13, 14, 15, 
16, 1 7  

18, 19, 20, 21, 
22, 23 

c 
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2.0 SSQUENCE OF EVENTS 

2.1 Midcourse Cor rec t ion r  The midcouree v e l o c i t y  c o r r e c t i o n  
(phares 6, 7 and 8 of S e c t i o n  1.1.2) Lo c a r r t a d  o u t  as followr: 

1, The r p a c e c r r f t  i r  maneuvered to t h e  d e s i r e d  a t t i t u d e .  

2. The d i g i t a l  c l o c k  im sat  by r a d i o  cocanand from Ear th .  

3. The vernier rocke t  engine8 are l i g h t e d  and t h e ' d i g i t a l  c l o c k  is  
a t a r t e d .  

4 .  The v e r n i e r  rocke t  engines  t h r u s t  a t  a p r e c i s e l y  c o n t r o l l e d  t h r u s t -  
to-mass rat io. 

5 ,  The d i g i t a l  c lock  shut8 down t h e  v e r n i e r  rocke t  engines  a t  the end 
o f  t h e  p r e s e t  t h r u s t i n g  pe r iod ,  

6. S p a c e c r a f t  a t t i t u d e  i s  maneuvered back KO lock-up on t h e  Sun and 
Canopus . 

th rough 

. 1. 

2. 

3. 

4,  

5.  

6.  

7. 

8. 

2.2 Hain Ret rorocket  Phase! The main r e t r o r o c k e t  phase (phases  10 
18 of S e c t i o n  1.1.2) is c a r r i e d  o u t  a8 fo l lower  

somirul v e r n i e r  r o c k e t  engine  t h r u s t  l e v e l  for t h e  main r e t r o r o c k e t  
phase is  r a d i o  couamnded from Earth.  

The s p a c e c r a f t  is maneuvered to  t h e  des  i r e d  a t t i t u d e .  

The d i g i t a l  c lock  is s e t  by r a d i o  comoand from Ear th .  

A t  a s l a n t  range from the  l u n a r  s u r f a c e  of approximate ly  55 mi l e s ,  
t h e  a l t i t u d e  marking r ada r  g e n e r a t e s  a s i g n a l  which starts t h e  
d f g i t a l  clock. 

A t  t h e  end of t h e  p r e s e t  pe r iod ,  t h e  d i g i t a l  c lock  g e n e r a t e s  a s i g n a l  
which ignites the vernier rocker o n * g n -  -.- - ..- 
One second a f t e r  t h e  v e r n i e r  rocke t  engine i g n t t i o n  s i g n a l ,  t h e  
d i g i t a l  c l o c k  gene ra t e s  a s i g n a l  which i g n i t e s  t h e  m a i r ,  r e t r o r o c k e t  
eng h e .  

The main r e t r o r o c k e t  t h r u s t s  u n t i l  i t  burns o u t .  Barnout 1s 
d e t e c t e d  by a 8-switch. When e p a c e c r a f t  d e c e l e r a t i o n  has decreased  t o  
3.5 8'8, t h e  g-switch gene ra t e s  a s i g n a l  which s ta r t s  a d i g i t a l  c lock.  

A f t e r  8 seconde, t h e  d i g i t 8 1  clock gene ra t e s  a e i g n a l  which explodes 
t h e  b o l t 6  which f a s t e n  t h e  main r e t r o r o c k e t  case to  t h e  spaceframer 
Simul taneour ly ,  nearlmaxiaum v e r n i e r  rocke t  engine  t h r u s t  i s  
cormranded . 



, 

9 ,  Two seconds a f t e r  t h e  bolts a re  exploded,  t h e  d i g i t a l  c lock  comaand8 
n e a r  mintmum v e r n i e r  rocke t  engine  t h r u e t  and cnableo t h e  v e r n i e r  
phase c o n t r o l  eyrtem. 

2.3 Vernier  Phasax The v e r n i e r  phase (phases  18 through 23) is c a r r i e d  
O u t  a8 f O l 1 O W S :  

1. h%en both  the R e l i a b l e  Operate-Radar A l t i m e t e r  (ROY) and t h e  
R e l i a b l e  Operate-Doppler Ve loc i ty  Sensor  (RODVS) s i g n a l s  appear ,  
t h e  v e r n i e r  phaee c o n t r o l  system 10 t u r n e d  on. A combination of 
RORA and Cond i t iona l  Re l f ab le  Operate-Doppler Ve loc i ty  Sensor  
(CRODVS) s i g n a l s  w i l l  a l s o  t u r n  on t h e  v e r n i e r  phase c o n t r o l  
system. The ROW, RDDVS, and O D V S  s i g n a l s  a re  d i g i t a l  i n d i c a t o r s  
which are  gene ra t ed  by t h e  radars .  They i n d i c a t e  t h a t  t h e  ana log  
r a d a r  s i g n a l s  are being gene ra t ed  p rope r ly .  The CRODVS s i g n a l  
i n d i c a t e s  t h a t  t h e  Doppler v e l o c i t y  s i g n a l s  a r e  not  i n  s p e c i f i c a -  
t l o n ,  bu t  are e u f f l c l e n t l y  accurate to  be used f o r  a p re l imina ry  
a t t i t u d e  c o r r e c t i o n .  

2. The s p a c e c r a f t  descends a long  a p rep rogramed  t r a j e c t o r y  t o  a s l a n t  
range o f  1000 f e e t .  A t  t h i s  p o i n t  t h e  r a d a r  g e n e r a t e s  a d i g i t e l  
s i g n a l  marking t h i s  range. This s i g n a l  o p e r a t e s  swi t ches  i n  
t h e  f l i g h t  control e1ec t ronJcs  which chsnge Revera1 e l e c t r o n i c  
parameters  to  va lues  s u i t a b l e  f o r  lower a l t i t u d e s  and v e l o c i t i e s .  

3.  The s p a c e c r a f t  descends along t h e  preprogrammed t r a j e c t o r y  u n t i l  
i t s  v e l o c i t y  dec reases  t o  10 feer  per  eecond. A t  that p o i n t  a 
t r i g g e r  i n  t h e  f l f g h t  c o n t r o l  e l e c t r o n i c s  r e a c t s  TO t h e  Z-axis 
Doppler Ve loc i ty  Sensor  ana log  o u t p u r  to  produce a d i g i t a l  signal 
which commends t h e  s p a c e c r a f t  t o  descen t  a t  a cons t an t  v e l o c i t y  
o f  5 fpe and a t  a f ixed  a t t i t u d e .  

4. LJen s l a n t  range has decreased to  13  f e e t ,  t h e  r a d a r  a l t i m e t e r  
genera tee  a d i g i t a l  s i g n a l  marking t h a t  range.  Thfs signal o p e r a t e s  
swi t che r  i n  t h e  f l i g h t  control e l e c t r o n i c s  which s h u t  d o n  t h e  
v e r n i e r  rocke t  engines .  
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3.0 CONTROL SYSTEH COhTIGURATION 

3 - 1  S p a c e c r a f t  Coordinate  System: The s p a c e c r a f t  X, Y, Z ( p i t c h ,  
yaw and r o l l  r e s p e c t i v e l y )  axes are a r ight-handed r e c t a n g u l a r  c o o r d i n a t e  
sys tem d e f i n e d  by t o o l i n g  f i x t u r e s  (see Reference 2). Nominally, t h e  o r i g i n  
of t h i s  system l i e s  a t  t h e  spacec ra f t  c e n t e r  of maea, t h e  Z-axis p o i n t s  i n  
t h e  d i r e c t i o n  of rocke t  engine  exhaust ,  and t h e  Y-axio paroes through leg 1 
of t h e  a p . c s c r a f t .  The +Y d i r e c t i o n  fa  toward leg 1. 

3.2 Vernier  Rocket Ennine Conf tuura t ion :  F igu re  3.2.1 shows t h e  
p h y s i c a l  arrangement of t h e  three vernfer rocke t  e n g i n e a ’ r e l a t i v e  to  t h e  
X, Y, Z axes. Note t h a t  engine  No. 1 La gimbal led  for roll c o n t r o l .  

3.3 Sensor  Conffnura t ion  

3.3 .1  Gyro Conf igu ra t ion ;  Three i n t e g r a t i n g  gyros  are b o d y f i x e d  
t o  produce ana log  o u t p u t  8 1 g ~ l e  p r o p o r t i o n a l  t o  t h e  i n t e g r a l  of body rates 
abou t  t h e  X, T, and Z axes. 

3.3.2 Accelerouieter:  The acce le romete r  is awunted eo t h a t  it measures 
t h e  thrust-to-mass ra t io  i n  t h e  Z-d i rec t ion ,  

3.3.3 A l t i t u d e  Marking; Radar: The A L L  is mounted so t h a t  i t  g e n e r a t e s  
a d i g i t a l  s i g n a l  when t h e  d i s t a n c e  from t h o  s p a c e c r a f t  to t h e  l u n a r  s u r f a c e ,  
as measured along t h e  Z-axie, is approximate ly  55 m i l e s .  

3.3.4 Radar A l t i m e t e r  and Doppler 

3 .3 -4 .1  Veloc i ty  Sensor8 The Radar  A l t ime te r  and Doppler Velocr ty  
Sensor  (Rt lDVS)  produce analog s i g n a l s  p r o p o r t i o n a l  t o  f ipacecraf t  v e l o c i t y  
components i n  t h e  X, Y, and Z-di rec t ions ,  and t h e  d i s t a n c e  t o  t h e  l u n a r  
s u r f a c e  i s  measured a long  t h e  Z-axis ( s l a n t  range) .  I n  a d d i t i o n ,  the r ada r  
a l t i m e t e r  gene ra t e s  digFt.1 s i g n a l s  when s l a n t  range r t a c h e s  1000 f e e t  and 
13 f e e t ,  

3.4 Thrus t  Phase Contro l  System Conf igu ra t ion  D u r i n g  Midcoursc V e l o c i t y  
Correction: Figure  3.4.1 shows the  c o n t r o l  system hardware c o n f i g u r a t i o n  
d u r i n g  t h e  midcourse t h r u s t i n g  per iod  (phase 7 of S e c t i o n  1.1.2). This  c o n t r o l  

produces a t h r o t t l i n g  command which tends  to  n u l l  t h e  difference between 
tne a c c e l e r a t i o n  comnand v o l t a g e  and t h e  acce lerometer  s i g n a l .  The  p i t c h  
axd yaw shaping  a m p l i f i e r s  produce p i t c h  and yaw c o n t r o l  inoment cominands 
which tend to n u l l  the r e s p e c t i v e  gyro ana log  o u t p u t s .  The mixing network 
generates unfform t h r o t t l i n g  commands t o  the t h r e e  engines  p r o p o r t i o n a l  LO 

:he a c c e l e r a t i o n  s i g n a l  a m p l i f i e r  ou tpu t  and d i f f e r e n t i a l  t h r o t t l i n g  cominands 
p r o p o r t i o n a l  to  t h e  p i t c h  and  yaw shaping  a m p l i f i e r  ou tpu t s .  The se rvo  loops 
: ? I L S  ins t rumented  a r e  shown i n  Figures  3.4 .2  and 3.4.3 a n d  3.4.4. The loop 
s h o w n  i n  F igu re  3 . 4 - 2  w i l l  hencefor th  b e  r e f e r r e d  t o  as t h e  r o l l  c o n t r o l  loop ,  
::,at i n  F igu re  3.4.3 as t h e  i n n e r  rate loop,  and t h a t  i n  Figure 3.4.4 as t h e  
a c c e l e r a t i o n  loop, There are a c t u a l l y  two i d e n t i c a l  i nne r  rate loops.  One 
c o n t a f n s  t h e  p i t c h  gyro, t h e  p i t c h  shaping  a m p l i f i e r ,  and the  p i t c h  moment 
o €  i n e r t i a ,  The o t h e r  contains  t h e  yaw gyro,  t h e  yaw shaping  a m p l i f i e r ,  
and t h e  yaw moment of inertfa. 

system operetnt roughly 88 A u ~ L ~ ~ ~ .  =-’ ’ ---- ?“ne a c c e i e r a t i o n  s i g n a l  a m p l i f i e r  

The four loope deec r ibed  above are  ve ry  
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FIGURE 3.2.1 y e r n i m  ine Confinuratioq 
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n e a r l y  uncoupled because of s p a c e c r a f t  i n e r t i a l  symmetry. 
c ross -coupl ing  between loop8 hoe been i n v e s t i g a t e d  and found to  be 
n e g l  i g  ib le  . 

The expected 

3 - 5  ?lain Re t ro rocke t  Phase Control Syazem Conf igu ra t ion :  The m i n  
r e t r o r o c k e t  phase c o n t r o l  system c o n f i g u r a t i o n  is  i d e n t i c a l  t o  t h a t  o f  t h e  
t h r u s t  phase mfdcourse v e l o c i t y  c o r r e c t i o n  control system, except  t h a r  t h e  
acce le romete r  i s  not  used. Thus, t h e  a c c e l e r a t i o n  loop is open, and vernier 
engine  t h r u s t  l e v e l  is conmuindcd by a f ixed  v o l t a g e  i n t o  t h e  mixfng network. 
The reason  f o r  n o t  u s ing  t h e  acce lerometer  is t h a c  i t  does not  have suf- 
f i c i e n t  dynamic range t o  o p e r a t e  when t h e  main r e t r o r o c k e t  is  t h r u s t i n g ,  

3.6 Vernier  Phase Cont ro l  System Conf ixura t ion :  F igure  3.6.1 shows 
t h e  c o n t r o l  system hardware c o n f i g u r a t i o n  du r ing  the  v e r n i e r  phase (phases 
I9 through 23 of S e c t i o n  1.1.2). Also shown is t h e  swi t ch ing  system which 
gets up t h e  va r ious  c o n t r o l  modes, The v e r n i e r  phase c o n t r o l  system c o n s i s t 8  
of cwo s e p a r a t e  s u b s y s t e m ,  t h e  a t t i t u d e  c o n t r o l  system and t h e  t r a j e c t o r y  
c o n r r o l  system, These a re  descr ibed  s e p a r a t e l y  i n  t h e  succeeding  s e c t i o n s ,  

3-6.1 Vernfer Phase A t t i t x d e  Cont ro l :  The v e r n i e r  phase a i t i t u d e  c o n t r o i  
sys tem o p e r a t e s  roughly as fol lows:  From t h e  t ime chat t h e  ROD'i'S o r  C W D V S  
s i g n a l  appears  u n t i l  t h e  t i m e  t h a t  t h e  Z-axis v e l o c i t y  reaches  10 f p s ,  t h e  
X and Y v e l o c i t y  s i g n a l s  from the Doppler Ve loc i ty  Sensor  are used to  connnand 
p i t c h  and yaw body rates which tend t o  n u l l  t h e  X and Y v e l o c i t y  componenrs. 
This keeps t h e  Z - a x i s  a l i g n e d  t o  t h e  v e l o c i t y  vec to r .  
v e l o c f z y  reaches  10 fp8,  t h e  Doppler s t e e r i n g  s i g n a l s  a r e  removed from t h e  
gy ros ,  and a t t i t u d e  i s  h e l d  ffxed f o r  t he  remainder of t h e  v e r n i e r  phase, 
A s e r v o  loop  diagram o f  t h e  p i t c h  channel  is shown i n  F igure  3.6.2. The 
yaw ctisnnel is i d e n t i c a l ,  The roll c o n t r o l  system fs t h a t  desc r ibed  i n  
S e c t i o n  3 .4 .  

When t h e  Z-axis 

3.6.2 Vernier  Phase T r n t e c t o r y  Control; The v e r n i e r  phase t r a j e c t o r y  
c o n t r o l  system o p e r a t e s  roughly as fol~owfi: From the time t h a t  b o t h  RODVS 
and RORtz s f g n a l s  appear  u n t i l  Z-axis v e l o c i t y  is reduced t o  10 fps ,  t h e  
s p a c e c r a f t  descen t  is c o n t r o l l e d  t o  follow a preprogranfmed s l a n t  range vs. 
Z-axis v e l o c i t y  p r o f i l e .  This  is accomplished a6 fo l lows:  The s l a n t  range 
a n a l o g  signal from t h e  radar altimeter is fed  i n t o  a n  analog segmental 
- r r rVr .LUULLVI .  cv L t ~ ~  U C D A L C U  u r a ~ e r l i  pror ' i ie .  i n i e  ana log  o t  thr & s i r e d  
d e s c e n t  p r o f i l e  gene ra t e s  a v e l o c i t y  comrnand corresponding  t o  the slant 
r a g e  inpu t ,  This  v e l o c i t y  comnand i s  d i f f e r e n c e d  wi th  t h e  Z-axis v e l o c i t y  
analog signal .  from t h e  Doppler v e l o c i t y  6ensor. The r e s u l t i n g  e r r o r  s i g n a l  
is used to c o n t r o l  s p a c e c r a f t  a c c e l e r a t i o n ,  so t h a t  t h e  e r r o r  signal is 
n u l l e d ,  
c i t y  command o f  5 fps  Le s u b s t i t u t e d  for t ha t  from t h e  descen t  t r a j e c t o r y  
analog. 
c r a j e c t o r y  c o n t r o l  system. 

0 n n r n v q r n n e - I ~ -  c c  -L- J - - J - - d  2 - - -  

'&en Z-axis v e l o c i t y  has been reduced t o  10 fpe, a tor is tc tnt  velo- 

Figure  3.6.3 shove a 8erv0 loop diagram of t h e  v e r n f e r  phase 

3.7 Swi tch ing  Sys tem:  The swi t ch ing  s y s t e m  o p e r a t e s  as fol lows 
( s w i t c f )  numbers r e f e r  co Figure 3.6.1): Switchee 2p and 2y t u r n  on t h e  
Doppler a t t i t u d e  system, They are c losed  by a n  "and" gate whose i n p u t s  
are t h e  de layed  de layed  burnout  s igna l ,  t h e  Doppler r e l i a b l e  s fgnal ,  the 
t h r u s t  phase  pover ON eignrrl, and the abrence  of the 10 fpe detector signal, 
Switches  7p and 7y $erne to e a t  zero i n i t f a 1  cond i t ions  on analog  integrators 
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i n  t h e  p i t c h  and yaw shaping  ampl i f ie rs .  
power is tu rned  on, b u t  opened when t h e  v e r n i e r  eng ine  i g n i t i o n  s i g n a l  
a p p e a r s  . 

They are c losed  when t h r u s t  phase 

Switch 11 t u r n s  on t h e  t r a j e c t o r y  c o n t r o l  system desc r ibed  i n  
S e c t i o n  3,6,2, It is  c losed  by a n  "and" g a t e  whose i n p u t s  are t h e  t h r u s t  
phase power ON signel,  tho R O D E  signal, and t h e  RDRA s i g n a l .  Switches 13, 
14, and 15 are u8ed t o  r e l e a t  the proper  v e l o c i t y  cowand.  Switch 13 is 
closed f o r  s l a n r  range above 1000 f e e t .  Switch 14 c losed  f o r  e l a n t  range 
below 1000 f e e t ,  Z-axis v e l o c i t y  above 10 fpe. Switch 15 is c losed  f o r  
Z-axfs v e l o c i t y  below 10 fps.  

Switch 9 s u p p l i e s  the midcourse a c c e l e r a t i o n  comand. It is c losed  o n l y  
Swirch 12 supplies a miniszum during t h e  midcourse y e l o c i t y  c o r r e c t i o n  phase,  

a c c e l e r a t i o n  conmend to  t h e  a c c e l e r a t i o n  loop dur ing  t h e  v e r n i e r  phase ,  It 
is c losed  by t h e  de layed  delayed burnout s i g n a l .  Switch 10 s e t s  an i n i t i a l  
v o l t a g e  o f  zero on a c a p a c i t o r  i n  t h e  a c c e l e r a t i o n  s i g n a l  amplifier. 
is c losed  when t h r u s t  phase power i s  tu rned  on, but opened when the midcourse 
i g n i t i o n  bigrul or t h e  de layed  de layed  burnout s i g n a l  appears .  

It 
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Pa i a m e  t e r 

Spacecraft r o l l  
axis d i r e c t i o n  

r 

! magnitude 
t Veloc i ty  v e c t o r  

4.0 DESXCN CONS IDERATIONS 

4.1 Terminal Des c e n t  Phase Cui dance 

- 

I n i t i a l  c o n d i t i o n  I Final c o n d i t i o n  1 

As d e s i r e d  Vertical 

Approx Lma t e l y  5 fps  
8500 f p s  

4.1.1 Basic  Ob lec t ive :  The b a s i c  o b j e c t - v e  of termina. guidancs 
i e  to  e f f e c t  t h e  t r a n s i t i o n  from t h e  i n i t i a l  conditions l i s t ed  in 
Table 4.1.1 to  t h e  final cond i t ions  l i s t e d  in Tbble 4.1.1. 

Veloc i ty  v e c t o r  
d i r e c t  i on  

TABLE 4.1.1 

E i t h e r  v e r t i c a l  or 
wi tn in  45' of t h e  V e r t i c a l  
l u n a r  v e r t i c a l  

The r o l l  a t t i t u d e  of t h e  s p a c e c r a f t  must be c o n t r o l l e d  BO t h a t  a high- 
ga in  t r a n s m i t t i n g  an tenna  i s  poin ted  toward Earth.  

4.1.2 Desc r ip t ion  of the Grav i ty  Turn:  The method s e l e c t e d  to  
a c h i e v e  t h e  v e l o c i t y  v e c t o r  and  s p a c e c r a f t  a t t i t u d e  o b j e c t i v e s  l i s t e d  in 
l 'a5le  4.1.1 is c a l l e d  t h e  "gravi ty  tu rn" ,  Under t h i s  scheme t h e  s p a c e c r a f t  
thrust v e c t o r  (manually a l i g n e d  t o  t h e  r o l l  a x l a )  is co 'n t fnue l ly  he ld  i n  
al ignment  wi th  t h e  v e l o c i t y  vec to r ,  
gravity w i l l  supp ly  a component of a c c e l e r a t i o n  normal t o  t h e  v e l o c i t y  v e c t o r ,  

If t h e  v e l o c i t y  v e c t o r  is not  v e r t i c a l ,  

prld zluqs ir: 2 bCESc^ v h i &  tu=, c;*c ---.I--*- V ~ : ~ U L A L ~  v e c i o r  toward c'ne verc ic r r i ,  . 

4.1.3 O p t i m u m  Thrus t inn  Program: Given rocke t  engines  wi th  upper and 
lower  t h r u s t  l i m i t s ,  and a fixed range and v e l o c i t y  end p o i n t ,  g r e a t e s t  f u e l  
economy is achieved  i f  t h e  engines o p e r a t e  a t  minimum t h r u s t  as long as 
p o s s i b l e ,  and a t  maximum thrust for t h e  remainder o f  t h e  t h r u s t i n g  per iod ,  

4.1.4 Surveyor  Terminal Phase G u f d a x e  r Because of  c e r t a i n  hardware 
c o n s i d e r a t i o n s ,  t h e  actual te rmina l  descent  o f  the  s p a c e c r a f t  is no t  a 
g r a v i t y  t u r n  executed under t h e  optimum t h r o t t l i u g  program desc r ibed  above. 
X t  is not known whether  o r  not  t h e  r ada r s  w i l l  o p e r a t e  p rope r ly  through t h e  
main r e t r o r o c k e t  exhaust  plume. S ince  t h e  Doppler Ve loc i ty  Sensor  s u p p l i e s  
t h e  s t e e r i n g  S i g M h  which main ta in  al ignment  between t h e  t h r u s t  a x i s  and t h e  
v e l o c i t y  v e c t o r ,  i t  is  not  possible to  execu te  a g r a v i t y  t u r n  wi thout  radare, 
For t h e s e  reasons ,  e p a c e c r a f t  a t t i t u d e  La h e l d  f i x e d  du r ing  the main retru- 
rocket phase, fnatead  of following a g r a v i t y  turn .  
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The optimum t h r o t t l i n g  program i n d i c a t e s  t h a t  t h e  engines  (main ! 

r e t r o r o c k e t  and v e r n i e r )  should  not  be i g n i t e d  u n t i l  t h e  las t  p o s s i b l e  
I n s t a n t  and t h e n  o p e r a t e d  a t  maximum t h r u s t  for t h e  e n t i r e  descent .  Such 
a t h r o t t l f n g  program is n o t  f e a s i b l e  because of u n c e r t a i n t i e s  i n  i n i t i a l  
c o n d i t i o n s ,  main r e t r o r o c k e t  t o t a l  impulse,  erc. The t h r o t t l i n g  program 
a c t u a l l y  employed r e p r e s e n t s  a r e a l i z a b l e  approximation t o  t h e  t h e o r e t i c a l l y  
optimum program. L'ndet t h e  instrumented program, t h e  main r e t r o r o c k e t  r m o v e s  
the bulk of t h e  s p a c e c r a f t  v e l o c i t y .  
range, v e l o c i t y ,  and a t t i t u d e  c o n d i t i o n s  a r e  such t h a t  a g r a v i t y  t u r n ,  executed  
a t  maximum v e r n i e r  engine  t h r u s t  can achieve t h e  d e s i r e d  c u t o f f  v e l o c i t y  and 
a t t i t u d e  a t  a somewhat h i g h e r  t h a n  d e s i r e d  a l t i t u d e .  
r e p r e s e n t s  a margin for u n c e r t a i n t i e s  i n  main r e t r o r o c k e t  t o t a l  impulse,  
stc. 
optimum t h r o t t l i n g  program. 

t 

At main r e t r o r o c k e t  burnout ,  s p a c e c r a f t  

%is h i g h e r  a l t i t u d e  

During t h e  v e r n i e r  phase, a gravi ty  t u r n  l e  executed under a n e a r l y  

4.2 Contro l  Systcm Desinn 

4.2.1 Attitude Cont ro l  

4.2.1.1 P l t c h  and Yaw A t t i t u d e  Cont ro l  

4.2.1.1.1 Inner Rate Loop Dcsinn: The d e s c r i p r i o n  of the c o n s i d e r a t i o n s  
which l e a d  to  t h e  c u r r e n t  i n n e r  r a t e  loop d e s i g n  will be  carried o u t  by con- 
s i d e r i n g  t h e  s e n s o r  and a c t u a t o r  c h a r a c t e r i s t i c s ,  t h e  i n p u t s  and d i s t u r b a n c e s ,  
and t h e  d e s i g n  requirements ,  and showing how t h e s e  f a c t o r e  l e a d  t o  t h e  c n o i c e  
o f  t h e  shaping  a m p l i f i e r .  

The s e n s o r  to  be employed is a r a t e  i n t e g r a t i n g  gyro. Its o u t p u t  is 
t h e  i n t e g r a l  of t h e  d i f f e r e n c e  between a s i g n a l  a p p l i e d  t o  i t s  t o r q u e r  coil 
and t h e  s p a c e c r a f t  rate about t h e  p i t c h  (yaw) a x i s .  

The a c t u a t o r  t o  be employed is t h e  v e r n i e r  propuls ion  system. It is 
c a p a b l e  of producing a moment: about t h e  p i t c h  (yaw) axis p r o p o r t i o n a l  t o  
t h e  signal o u t  of t h e  shapLng a m p l i f i e r .  
also i n t r o d u c e s  a 20 m i l l i s e c o n d  l a g  and a h y s t e r e s i s  lobp i n  tandem. 

The v e r n i e r  p r o p u l s i o n  system 

The s p a c e c r a f t  w i l l  be considered ii r f g i d  i n e r t i a l  s p h e r e  w i t n  
n*?zcnt,S cf inertia t;ctveeii 115 24s g:uS-fce~', ~ i t u b ,  ihe pii;ch, yaw, 
and r o l l  loops w i l l  be cons idered  i n e r t i a l l y  uncoupled, 

A p r t n c i p a l  requirement on t h e  i n n e r  rate loop  is t h a t  is a c c u r a t e l y  
m a i n t a i n  t h e  d i r e c t i o n  of t h e  ro l l  a x i s  i n  t h e  presence  of t h e  d i s t u r b a n c e  
moncnt g e n e r a t e d  by main r e t r o r o c k e t  t h r u s t  v e c t o r  misalignment.  S p e c i f i c a l l y ,  
i t  is d e s i r e d  to  h o l d  t h e  steady-s ta te  p i t c h  (yaw) a n g l e  to less  than  0.30 
de&,tees in the presence  of a disturbance moment of 150 f t - l b s .  

F i g u r e  4.2.1 show a p a i r  o f  c o o r d i n a t e  systems which will be used 
The xyz c o o r d i n a t e  system is t h e  space-  f r e q u e n t l y  i n  succeeding  analyses .  

c r a f t  body system d e s c r i b e d  i n  S e c t i o n  3.1. 
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FIGURE 4.2.1 
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Y 

The tu3 systems are related by :he Euler  a n g l e s  v, Q, 8 .  
s y s t e m  is a n  F n e r t i a l l y - f i x e d  system d e f i n e d  as fol lows.  
p o s i t i o n  of t h e  X Y 2 system dur ing  t h e  main r e t r o r o c k e t  phase,  9 - p = 0 ,  
and 8 90’. 

The X Y Z c o o r d i n a t e  
For the d e s i r e d  

The p r e c i s e  (under  t h e  assumption t h a t  t h e  s p a c e c r a f t  is  an i n e r t i a l  
0 

s p h e r e )  equat ions  r e l a t i n g  e p a c e c r a f t  a t t i t u d e  to t o t a l  a p p l i e d  moment are 
as fo l lows:  

-.I rL;- 
w x  
7 where w - s p a c e c r a f t  a n g u l a r  v e l o c i t y  v e c t o r  

I = s p a c e c r a f t  uwmfnt of  i n e r t i a  

L = total  a p p l i e d  m m c n t  vector. 
7 

( 4 . 2 . 2 )  

L -J 

6 = w c o s p - o  s i n g  
Y X 

where w G, are t h e  components of w i n  t h e  x, y ,  z d i r e c t i o n s  
r e s p e c t i v e l y ,  
gyros are p r o p o r t i o n a l  t o  the time integrals of ox, w 

x ’  y’ wz 
Sote t h a t  t h e  output  s i g n a l e  of t h e  p i t c h ,  yaw, and ro l l  

end wZ respectively, 
Y’ 
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For design purposes, i t  vi11 be easuged that 9 and Q are small 
angles,  and that the dcviat lon of  e from 90 (A@) is  small. The posi t ion  
of the t-axis for small values of cp, $, and & are shown I n  Figure 4.2.2.  

-Y 

FIGURE 4.2.2 

For small JI and A$, Figure 4.2.2 indicates that the z-axis pointing error, 
3 ,  .is - 

( 4 . 2 . 5 )  

Yareovcr, under the game small angle oseumptions, equations ( 4 . 2 . 2 )  and 
(4.2.4) become 

Sow ( 4 . 2 . 6 )  and ( 4 . 2 . 7 )  indicate that for small angles, $ and 8 are 
nearly equal to the yaw and pitch (respectively) gyro outputs. That is ,  

- 6  (4.2.8) $x 

where ex = output of pitch gyro 

= output of yew gyro *Y 
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thus ,  from (4.2.51, 

c =Z/e , '+e ,  2 

Lx 
6x I 
Y ..- 

. 
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(4.2.10 1 

(4.2.11 1 

( 4 . 2 . 1 2 )  

As a r e s u l t  of the above cons ide ra t ione ,  the ~ervo loop diagram of t h e  
inner rate loop is a8 shown i n  F igu re  4.2.3. 
t h e  shap ing  amplifier t r a n s f e r  func t ion ,  L 
by t h e  v e r n i e r  propulelon system, and Ld if the main r e t r o r o c k e t  d i s t u r b a n c e  

moment. An identical diagram 

I n  this Figure ,  K G ( 8 )  is 
6 8  

is the c o n t r o l  m m e n t  gene ra t ed  

FIGURE 4.2.3 

dc.scrib*:s t h e  yaw i nne r  rate loop. 

- bonsicier now t h e  des ign  of K G ( 8 ) .  As a f i r s t .  s t e p  cons ide r  t h e  
8 8  

qucstion of how many open-loop i n t e g r a t i o n s  a r e  d e s i r a b l e  (the gyro and 
&eomt. t ry  supp ly  one each).  The i n c l u s i o n  of one i n t e g r a t i o n  i n  G ( 8 )  

would  provide  ze ro  s t e a d y - s t a t e  e r r o r  i n  8 a s  a r e su l t  of L The a l t e r -  

n a t i v e  t o  an i n t e g r a t i o n  i e  a high va lue  of K Hardware convenience and 

noise c o n s i d e r a t i o n s  l ead  t o  t h e  cho ice  of inc lud ing  an  i n t e g r a t i o n  i n  G ( s ) .  8 

e 
X d'  

8' 

S o  fa r ,  t h e  S-plane open-loop c r i t i c a l  p o i n t s  f o r  the loop shown in 
Figure  4.2.3 c o n s i s t  of two poles a t  t h e  o r i g i n ,  one on t h e  real axis a t  
t h e  o r i g i n  and one a t  -50. It is  c l e a r  t h a t  s t a b i l i t y  demands a t  least 
two zeros. For hardware convenience theee  a r e  loca ted  on t h e  r e a l  a x i s  
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t o  t h e  left of - - 1 . 
as ze ros .  
one o t h e r  pole w i l l  appear .  
two ze ros .  
r e s u l t i n g  r o o t  locus  is sketched in Figure  4.2.4, 

Now G ( 6 )  w i l l  i n t roduce  a t  l e a s t  as many po le s  

S ince  two zeros and one pole have been in t roduced ,  at least 

6 i T 

T h i s  one w i l l  be p laced  t o  t h e  l e f t  of t h e  
The r e s u l t i n g  open-loop pole-zero c o n f i g u r a t i o n  and t h e  

For purpose of s t a b i l i t y ,  t h e  two zeros ehould be placed close to 
t h e  o r i g i n ,  and t h e  pole f a r  f r o m  the  o r i g i n .  
the proximi ty  of t h e  zero8 t o  t h e  o r i g i n :  

Two c o n s i d e r a t i o n s  l i m i t  

i 

f 

\ 
i 

FIGURE 4.2.4 

1. Ais c'ne zeros move closer so t h e  o r i g i n ,  the r e a l  root between t h e  
zeros and the o r i g i n  decreases  i n  f requency,  and syatem response  
becomes cor respondingly  slower. 

2. Capacitor and r e s i s t o r  s i z e s  and t o l e r a n c e s  become unwieidy i f  t h e  
zeros  are p laced  too c lose  to  t h e  o r i g i n .  
l i m i t  placement of t h e  pole too f a r  t o  t h e  l e f t .  

Noise c o n s i d e r a t i o n s  

The second of t h e  above cons ide ra t ions  governed t h e  s e l e c t i o n  of 

fi the shaping  a m p l i f i e r  c r i t i c a l  f requency l o c a t i o n s .  The r e s u l t i n g  C ( 8 )  is 

(S+1)(0.5S + 1) 
G d ( B )  S .05 S + 1 (4.2.13) 

The reeulting root locue for the inner rate loop is shown i n  F igu re  4,2,Sr 



, .  
f 



REF. SC.: 224213567 !'a ,i 24 

Tne next  s t e p  i n  t h e  inner  ra te  loop d e s i g n  is t h e  s e l e c t i o n  of a 
v a l u e  f o r  K The s e l e c t i o n  of t h i s  parameter  waa made on t h e  b a s i s  of 

t h r e e  c o n s i d e r a t  ions : 
9-  

1. s a t i s f a c t o r y  s t a b i l i t y  margins and t r a n s i e n t  r e s p o m e ;  

2. s t e a d y - s t a t e  error ( i n  a t t i t u d e )  i n  t h e  presence  o f  main 

3. hys teres i e  -induced lfrnit cyc Le amp1 itude. 

r e t r o r o c k e t  d i s t u r b a n c e  moment ; 

The f i r s t  o f  t h e s e  c o n s i d e r a t i o n s  i s  s e l f - e x p l a n a t o r y .  Tie second 
r e q u i r e s  some explana t ion .  On t h e  s u r f a c e  i t  appears  t h a t  s t e a d y - s t a t e  
e r ra r  i n  t h e  presence  of L should be zero.  I f  t h e  e l e c t r o n i c  i n t e g r a t o r  d 
c o n t a i n e d  i n  t h e  shaping a i n p l i f i e r  were a p e r f e c t  i n t e g r a t o r  :h i s  would 
b e  so. I n  fac t ,  however, t h e  e l e c t r o n i c  " i n t e g r a t o r "  is =ore a c c u r a t e l y  
d s s c r i b e d  as a f i r s t  o r d e r  lag with  a r e l a t i v e l y  long t i m e  c o n s t a n t ,  ii. 

The l o n g e s t  t i m e  c o n s t a n t  convenient ly  a v a i l a b l e  was 20 seconds.  The 
r e s u l t i n g  G (s), t h e n  is e 

i n  p i t c h  (yaw) error is %e and t h e  s t e a d y - s t a t e  error, 

.05 
'd 

ij n -  

e x e  K 

(4.2.14 

( L .  2.15) 

The t h i r d  of t h e  above cons r t l e r a t ions ,  which turned  J u t  to be t h e  
govern ing  one, i s  d i s c u s s e d  in d e t a i l  i n  Reference 3. T h i s  work w i l l  
now be  b r i e f l y  summarized. A q u a n t a t i v e  estimate (and, as analog  s i m u l a t i o n  
l a t e r  confirmed, a very  good one) of l i m i t  cycle behavior  was rade  by neans 
of a d e s c r i b i n g  f u n c t i o n  a n a l y s i s .  F igure  4.2.6 shows. a p l o t  of the' l i n e a r  
p o r t i o n  of t h e  open-loop t r a n s f e r  f u n c t i o n  

1 v . j  j b  i ;j ( 4 . 2 . i o  j K A  t # @  + ; \ fn  

2 I G ( j w )  = - \ '  
S (ju + , O S ) ( . O S j w  + 1) 

K 
2 

f o r  s e v e r a l  v a l u e s  of 1 

f u n c t i o n ,  N ( i ) .  H is t h e  h y s t e r e s i s  wid th ,  (see Figure  4.2.7) and M 

and K are d e f i n e d  a6 f llows. 

, and t h e  n e g a t i v e  i n v e r s e  of t h e  d e s c r i b i n g  

I f  t h e  input  to  t h e  h y s t e r e s i s  i e  Me j c u t  , 
t h e  o u t p u t  is N M e f r A 8  



13C0 
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i n  g e n e r a l ,  complex. Descr ibing func t ion  theo ry  concludes t h a t  t h e  
amplitude and frequency of  the  limit c y c l e  ( a t  t h e  inpu t  to t h e  h y s t e r e s i s )  

The 

v a r i a b l e  of i n t e r e e t  i e  @ , t h e  amplitude of t h e  limit cycle, two 
i n t e g r a t i o n @  downstream 

are those corresponding  t o  t he  i n t e r s e c t i o n  of C ( j w )  and - - 1 " 

om t h e  h y e t a r e r i e  output, 

c 
I 

( 4 . 2 , 1 7 )  

FIGURE 4.2 .7  Hysteres i s  C h a r a c t e r i s t i c  

S i n c e  t h e  d e s c r i b i n g  f u n c t i o n  i r  p l o t t e d  a8 a f u n c t i o n  o f  H , and H and I 

are  c o n s t a n t s ,  it is h e l p f u l  t o  rewrite (4.2.17) 8 8  

It i s  c l e a r  from Figure  4 .2 .6  t h a t  a8 K 

v a l u e s  of N, ("1 and w v a r y  aa follows: 

increaoee  from 10 t o  40, the 
9 / 1  

b 

i M  
K 

j N decrease8  u n t i l  I '" 30, and then i n c r e a s e s ;  [X) i n c r e a s e s  
1 ,  

"r. 

u n t i l  

T h i s  behavior indicates t h e  p o s s i b i l i t y  of  a n  optimum va lue  of K 

t u r n s  o u t  that i f  such  a peak e x f e t s ,  i t  is beyond K 
of g a i n  i n  t h i s  range, t r a n s i e n t  performance becomes a c o n t r o l l i n g  cons ide ra -  
t i o n .  

W 30, and  then decreases ;  w increases over t he  e n t i r e  range. 

I C  
X 

@;I- - 30. For values 

Figure  4 ,2 ,8  ehows plots o f  i n n e r  race loop damping factor, f ,  and 

611 



' ,  
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As a r e a s o n a b l e  cotiiproroise 
6 /I' l in i t  c y c l e  ampl i tude ,  @ , ver sus  R 

berween l i m i t  c y c l e  ampl i tude  c o n s i d e r a t i o n s ,  and  t r a n s i e n t  response and 
s t a b i l i t y  c o n s i d e r a t i o n s ,  a value of K o f - 2 7  was chosen. A v a l u e  of 

-I e / I  
I = 160 s lug- f t ' ,  which r e p r e s e n t s  the-mean between t h e  p r e d i c t e d  mission 
extremes of 200 and 120 s l u g - f t 2 ,  was used t o  compute t h e  va lue .  

(4.2.19) 3 K - 4.32 x 10 l b - f t / s e c / r a d  e 

h'ext, consider t h e  s t e a d y - s t a r e  e r r o r  in a t t i r u d e  i n  tne presence  
o f  t h e  main r e t r o r o c k e t  d i s t u r b a n c e  moment. I f  it is assumed that t h e  
magnitude of t h e  d i s t u r b a n c e  moment v e c t o r  is 150 lb-ft, and tilat it is 
d i r e c t e d  a long  t h e  p i t c h  axis, then  equa t ion  (4.2.15) y i e l d s  

05 
I 

'xe 4.;2 x lo3 (150) = 1.735 x r a d i a n  

or 

* 0.1 degree  ' x  e 

which is w e l l  w i t h i n  t h e  t a r g e t  f i g u r e  set  earlier, 

4.2.1.1.2 Doppler A t t i t u d e  LOOR. There are  t w o  parameters  i n  t h e  
Doppler a t t i t u d e  loop, which must be  chosen (see F i g u r e  3.6.2): 

1, The l i m i t e r  s a t u r a t i o n  va lue ;  

2. The Doppler a m p l i f i e r  g a i n ,  5, 

';?le purpose of  t h e  l imi te r  is t o  p reven t  l a r g e  i n i t i a l  f l i g h t  pa th  a n g l e s  
fron Causing t h e  gyros to  bang t h e i r  s t o p  and p o s s i b l y  s e t  u p  a n  u n s t a b l e  
n o t i o n .  The v a l u e  o f  5,5O/sec. w a s  chosen a6 the smallest value consistent 
wirh t k e  requirement t h a t  f l i g h t  pa th  a n g l e  be n u l l e d  w i t h i n  9 secoads  from 
tin initial v a l u e  of 45O (see s e c t i o n s  3.10.2.1 of RefGrence 4.). 
number is also c a l l e d - o u t  d i r e c t l y  i n  s e c t i o n  4 . 3 . 5  o f  Reference  4. 

The 5.5O/sec 

, -5, was chosen pure ly  on the b a s i s  of s t a b i l i t y  and hardware i s i t ?  gain 

The s t a b i l i t y  a n a l y s i s  w i l l  be carried out by c o n s i d e r i n g  a 
Ffgure 4.2-9 shows t h e  geometry o f  t h i s  model, 

- 
convenience. 
p l a n a r  small a n g l e  model. 
I n  t h i s  figure, l a n d  v are i n e r t i a l  r e f e r e n c e  axes, 

1 
I / / /  Lunar Surface / / 1 / '  / 

L 

F i q u t - 8  4.2.9 
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is the gravity vector,  y and z are the spacecraft axea, Vz i o  the 

velocfcy and a is  t h e  acceleration reeult ing from the vernier propulsion 
s y s t e m  thrust,  ‘ Equetlone of arotfon for thio  mode1 are . 

V - Vi c o n  8 + V u  s i n  8 
Y 

(4.2.21) 

(4.2.22) 

where V_E and V are the components of the v e l o c i t y  vector along &he 
respect fve axes . V 

FIGURE 4.2.10 Doppler A t t i t u d e  LOOP 

According to (4.2.221, V is 
Y . - c o s 6 + i v s f n 6 -  2 e sin e + Vve cos e ( 4 . 2 . 2 3 )  Y 

or, subst i tut ing  from (4.2.20) and (4.2.21): 

(4.2.24) 

so that (4.2.24) becomes . 
V - g p  s i n  +g + eVz 
Y (4.2.26) 
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I 

For smll values of 8 ,  (4.2.26) may b e  w r i t t e n  . 
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Sow if V is c o n s t a n t  o r  vary ing  slowly, ( 4 . 2 . 2 7 )  may be w r i r t e n  i n  
Laplace C o t s t i o n  as 

( 4 . 2 . 2 8 )  

- inus, by us ing  cr;ua:ion (4 .2 .28 )  in t h e  "geomtry"  box i n  F igu re  3.6.2, 
:he k p p f e r  a t t i t u d e  loop may be r ep resen ted  as shown i n  F igu re  4.2.10.  
The stability analye ls  of t h i s  loop will now be d i scussed .  

The open-loop c r i t i ca l  f r equenc ie s  of  t h e  Doppler loop (F igure  4.2.10) 
consist of t h e  following: 

1. The closed-loop c r i t i c a l  f r equenc ie s  of r h e  inner rate loop; 

2, from t h e  geometry; %I Two i n t e g r a t i o n s  and a zero a t  S - - - 
V z 

3. A pole  at S - -10 from the radar. 

The  open-loop ga in  is \.g,. The d e s i g n  procedure is c a r r i e d  o u t  as 
f0 1.10~~6 : i 

1. P l o t  t h e  root l ocus  for V * 700 f p s  (the rrvximurxl v e l o c i t y  st z 
which t h e  loop opera t e s )  w i th  5. as t h e  parameter and s e t  X,, :O 

provide  reasonable s t a b i l i t y  margins and t r a n s i e n r  pe r fo rzance .  
I 'k 

2. plot t h e  root locus with 5, equal  t o  rhe  Value Chosen i n  S t e p  1 

and V as t h e  parameter. Use t h i s  locus to determine  t h e  polat 

at which t r a n s i e n t  performance or  s t a b i l i t y  margin h a s  d e r e r i o r a t e d  
i o  an unaccep tab le  point.  

z 

3, 

4. 

Repeat s t e p  1 us ing  for Vz t h e  va lue  found i n  s t e p  2, 

Using f o r  5 the value  found in s t e p  3, r e p e a t  s t e p  2 t o  i n s u r e  

adequate performance down TO V = 10 fps .  
2 

?-,. 

L:lii root locus c a l l e d  for b y  s t e p  1 is shown in Figures  4.2.11 and 4.2.12. 
Observe t h a t  t h e  roots shown i n  F igure  4.2.11 tend t o  t h e  r fg i i t  w i th  
increc is ing  gain, w h i l e  those of F igu re  4.2 .12  tend t o  the  l e f i .  
t h e  zero l o c a t e d  at 

S I -  - 
Since 

does not change p o s i t i o n  much f o r  V above 50 f p s ,  and gm 
2 

z v 
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the open-loop gain is sVL, t he  r o o t s  w i l l  v a r y  I 
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Lth Vz i n  abou t  the  6aae 

f a s h i o n  they  do wi th  for a wide range of  Vz. S i n c e  V will d e c r e a s e  

from 700 f e e t  per second, 5 should  be  se t  as h igh  a8 p o s s i b l e  to enhance 

s r a b i l i t y  margin f o r  the roo t s  o f  F igu re  4.2 .12  a t  lower v e l o c i t y .  The 
roots of Figure  4.2.11, however, prohibit excees ive  va lues  of s. 
h i g h e s t  value of 5 compatible with both the roote of Figure 4.2.12 and 
hardware convenience is 

z 

The 

= 2.8 x r a d i a n s j f o o t  ( 4 . 2 . 2 9 )  54 
This is t h e  v a l u e  s e l e c t e d  €or use above t h e  1000 foo t  mark. 

The locus  c a l l e d  f o r  i n  s t e p  2 Fs shown i n  F igures  L.2 .13  and 4.2.14. 
Since t h o  r o o t s  shown i n  Figure 4.2.14 are  s a t i s f a c t o r y  around 100 f e e t /  
second, i t  was dec ided  t o  a l t e r  t h e  v a l u e  5, on signal f rom tne  a l r e a d y -  

a v a i l a b l e  1000 foot r ange  mark (which occur s  at  around 100 f e e t  p e r  second).  

Tine r o o t  l ocus  c a l l e d  for in s t e p  3 is shown in Figures  4.2.15 and 
4.2.16. The v a l u e  of chosen f o r  use below the 1000 foo t  mark is KN 

1.7 x r a d i & n s / f o o t  (4.2.30) 'si' 

The r o o t  Locus called for i n  e t e p  4 i s  shown i n  FigGree 4.2.17 and 
4.2.18. These figures show t h a t  performance should  be s a t i s f a c t o r y  down 
t o  10 f p s ,  where the Doppler a t t i t u d e  loop i8 opened. 
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4.2.2 T h r u s t  Control  

' 4.2.2.1 Acceleration Loop. The purpose 0% the acceleration 
loop i u ' t o  control the vernier engine thrust to a precision t h r u s t - r o w a s  
ra t io .  
considerations here 

The loop configuration ie shovn in Figure 4.2.19. The chief  

A c c e  I e r o  me t e r I 

FIGURE 4.2.19 Acceleration Looe 

are low stcady-stare error, response fast enough EO keep t o c a l  inpulse 
errors l o w  (during che midcourse ve loc i ty  correction) b u t  slow enough 
to avoid e l a s t i c  modes, and reasonable damping and stability margins, 
These considcratFon6 are discussed i n  more d e t a i l  in Reference 5. 

The pole-zero configuration of the acceleration loop without 
compensation i e  sketched i n  Figure 4.2.20. Note that high values of 
gain tend to  drive 

X f 

FIGURE 4,2 .20  
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the root emanating fmrp the engine p o l e  GO an objectionably high 
fequency.  In order to'prevent t h i s ,  the  Loop i o  compensated by 

1 c(6) = - 6 S + l  (4.2.31) 

t h e  root locue for the  compensated loop is ahown in'Pigurr 4.2.21. 
value of K chosen is  a 

The 

lb-ft; K - 2240 a s ec 

the expected range of K /M, then is a 

( 4 . 2 . 3 2 )  

where rn is  spacecraft mass. Figure 4.2.21 indicates sat isfactory 
p e t i a m n c e  i n  th i s  range. 

4.2.2.2 Vclocim  loo^. The configuration of  the velocity loop 
is show, i n  Figure 4.2.2.2 Tn'e geometry used in this discussion and 
that on the  range loop was shown In Figure 4.2.9.  
acceleration, and 

For purpofee of range, 

velo 

3, COS e 

FIGL'RE 4.2.22 Velocity LOOP 

i t y  loop design, 6 will b e  assumed smsll. 

It is assumed that t h e  Ijoppler attlrude loop maintains perfect 
alignment between the  velocfty vector, V, and the z-axis. Slant razge, 
R,  is the distance from the spacecraft to the lunar surface meaoured i n  
the direct ion of the z-axis, and a, t 8  the' lunar gravity vector. 
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The l i n e a r  dssign of this  loop is straightfornard. The root locus 
for  t h e  loop is shown i n  Figure 4.2.23. 
a v a l u e  of 

On the baais  of t h i s  root Locus, 

-1 Kv = 4 sec 

was chosen. 

(4.2.34) 

A limiter and a bFae,+&,, are located betwaen the descent amplifier 

The n e t  c h a r a c t e r i f i t i c  of limiter and bias are 
The l i m i t s ,  &min and G-, ' 

and t h e  a c c e l e r a t i o n  loop. 
as shown i n  Figure 4.2.24. 

a 

0 

FIGL'RE 4.2.24 Acce le ra t ion  Comand Limi t  
and Bias C h a r a c t e r i s t i c  

are  chosen so t h a t  a l i n e a r  p o r t i o n  of t h e  v e r n i e r  engine t h r u s t  r ange  
is r e s e r v e d  for moment c o n t r o l  during t h e  vernier descent  phase. 
values are chosen as follows. 

These 

If t h e  moment arms ( t h r u s t  v e c t o r  t o  s p a c e c r a f t  c e n t e r  of  g r a v i t y )  
for each v e r n i e r  engine  were equa l ,  t h e  d i f f e r e n t i a l  t h r o t t l i n g  command 
from t h e  p i t c h  and yaw rate loops would be zero, and t h e  full t h r o t c l i n g  
range of 30 t o  104 pounde per engine would be a v a i l a b l e .  
uriavoidable mechanical  tolerances, t h e s e  moment arms are not equal. The 
n e t  result o f  the t o l e r a n c e s  is t h a t  t h e  s p a c e c r a f t  c e n t e r  of gravity is 
located on a c i r c l e  of r a d i u s  1.03 Inches (see Reference 6 )  cen te red  
on t h e  geometr ic  c e n t e r  of t h e  t h r e e  engines .  
I n  t h e  s t e a d y - s t a t e ,  r h e  i n n e r  r a t e  loope will t h r o t t l e  t h e  three engines  
so t h a t  t h e  p i r c h  and yaw moments about t h e  s p a c e c r a f t  center  of g r a v i t y  
a r e  zero, 
a c t e f e r a t f o n  loop. Them? cond i t ions  are expressed as follow8 : 

Because of 

This  is shown i n  F igu re  4.2.25. 

The t o t a l  t h r u s t  w t l l  be t h r o t t l e d  t o  some va lue  T by t h e  
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-rlTl cos el + r T sin e2 + r T e i n  e3 (4.2.35) 

(4.2.36 1 -rlT1 sin el + r T cos e2 -r3T3 cos 8 L , = O =  

2 2  3 3  

2 2  

~ * = O -  

3 Y 

( 4 . 2 . 3 7 )  

i'sing t h e s e  three equa t ions  and the geometry of Figure 4.2 .25  t o  relate 
t h e  6 ' 8  t o  a, the  ratios T /T, T /T, and T IT were plo t ted  as r h m  i n  1 2 3 Figure  4.2.26. 

The a c c e l e r a t i o n  limiter is designed so tha t  for the wors t -case  Q 
0 (approximately 20 ) and the l a r g e s t  s p a c e c r a f t  mass, engine  number one 

j u s t  reaches 104 pounds. 

Gsing t h e  above cons i d e r a t i o n ,  t o g e t h e r  w i th  l i m i t e r  t o l e r a n c e ,  
acce le ro iae te r  t o l e r a n c e ,  and a c c e l e r a t i o n  loop  steady-state e r r o r ,  t h e  
fo l lowing  va lues  a r e  obta ined .  

2 - 12.33 f t f e e c  A a 
roay 

c min 
2 4.79 f t l eec  

( 4 . 2 . 3 8 )  

(L .2.39 ) 

A d e t a i l e d  account  of t hese  computations is given  i n  References 
6 zd 7. 
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